(Received for publication, January 12, 1942) In the course of an experimental program dealing with the question of the relation of respiration to energy transfer for cell division in Arbacia eggs, it has been reported, in previous papers of this series, that these eggs contain a number of substances which are known to be concerned in the oxidative breakdown of carbohydrate in animal cells.
To facilitate evaluation of the quantitative importance of various enzyme systems in the metabolism of the living egg it was important to establish, under conditions exactly comparable to those used for determination of the components of the respiratory chain in Arbacia: (a) the amounts of various types of carbohydrate present in the eggs, and especially the fraction of this carbohydrate which was in the form of glycogen and possibly subject to the sequence of metabolic reactions which begins with the phosphorylation of glycogen (1) , and (b) the extent to which carbohydrate was used as a metabolic substrate at various stages of egg development.
Confirming the observations of Perlzweig and Barron at Woods Hole during the season of 1927 (2) , it has been found that Arbacia eggs contain a considerable amount of acld-hydrolyzable carbohydrate, but no free reducing sugar. In confirmation of the unpublished experiments of Blanchard (3) which were also performed during the season of 1927, it has been found that Arbaciaeggs contain an alkali-stable, alcohol-preeipitable carbohydrate. In extension of previous work, it has been found that this substance, which corresponds in its color reactions, yield of reducing sugar on acid hydrolysis, and optical rotation to the glycogen from other animal tissues, accounts for about one-half of the total carbohydrate of unfertilized Arbacia eggs.
It has also been found that, during the first few hours of development while cell division was actively proceeding, the fraction of the total carbohydrate which was oxidized or converted to lactic acid was very small. Indeed, with certain samples of eggs, there appeared to be, within the limit of accuracy of the experimental method, no carbohydrate consumption during the first 3 to 6 hours of development. Under these conditions a substantial proportion of the 717
The Journal of General Physiology oxygen consumption could be provisionally accounted for, on the basis of measurements of concurrent ammonia production, by oxidation of protein.
Experimental Methods
Mature Arbacia eggs were obtained at Woods Hole during June, July, and August, 1941. They were shed, washed, and, where necessary, fertilized as described in previous papers of this series.
Analysis for Total Carbokydrate.--The eggs were prepared for carbohydrate analysis, and the wet weight and nitrogen content determined either by total nitrogen analyses or by calculation from hematocrit values as described below in the section on egg number-volume-weight-nitrogen content-conversion factors. To find the total carbohydrate, the eggs were packed by centrifuging in a 15 co. tube, taken up in 1 N HC1, and hydrolyzed for 1 hour in a boiling water bath. Confirming Perlzweig and Barron, it was observed that longer hydrolysis yielded no more reducing material. The proteins and protein cleavage products were precipitated by adding an equal volume of a solution 0.2 ~ in mercuric acetate, and 0.2 M in HCI; the excess mercury was removed with I-I2S, and the H2S removed with an air stream. An aliquot of the solution was then neutralized, made to a known volume, and faltered to remove echinochrome. 1 The reducing material was then determined either by the Folin-Wu (4) copper method or by the Folin (5) ferricyanide method. When both methods were applied to the same sample, they always yielded the same values for egg-reducing material (see Table II ). Permutit and Lloyd's reagent were used in an effort to detect and remove any non-specific reducing materials, but the reducing values obtained after such treatment were the same as before.
Determination of Glycogen.--Glycogen was isolated from the unfertilized Arbacia eggs by the following version of Pfltiger's (6) method: The packed eggs were mixed with 1 volume of 60 per cent NaOH solution and hydrolyzed for 3 hours in a boiling water bath. Longer hydrolyses up to 6 hours did not change the glycogen values obtained from a given egg sample. The mixture was then diluted with an equal volume of water, and alcohol added to give a final concentration of 66 per cent by volume. The glycogen was allowed to precipitate in the ice box, usually overnight, centrifuged down, and dried. For volumetric analysis, the glycogen was redissolved in water and aliquots were subjected to hydrolysis and sugar analysis as described above. For polarization analysis, the glycogen samples were reprecipitated several times with alcohol and partially decolorized with charcoal. For the comparison analyses of Table V the samples for volumetric analyses were withdrawn, after the readings, directly from the polarimeter tube. Following the suggestion of Blanchard (3) a number of egg samples were extracted repeatedly with a 50-50 mixture of ethyl alcohol and ethyl ether, then dried, before the alkaline hydrolysis. This procedure, which was employed to remove lipoidal 1 Further investigation of the conditions for echinochrome removal showed that in order to obtain optimum precipitation, the solution had to be at least 0.75 ~ in NaC1 (or its equivalent in ionic strength) and at a pH above 6; the presence of divalent ions, such as calcium or magnesium, also favored precipitation of the echinoehrome. materials which might interfere with subsequent precipitation of the glycogen from alcohol, caused a loss of approximately 25 per cent of the total carbohydrate of the egg, and did not improve the glycogen yields or the purity of the isolated glycogen.
The optical rotations were measured in a 2 din. tube on a polarimeter reading to ±0.05 °, using the most concentrated solution of glycogen which would transmit su(ficient light to permit matching of the fields of the polarimeter. Ten observations by each of two operators were made on each solution. The maximum variation of readings by individual observers was ±0.1 ° .
Procedure for Metabolic Determinations.--The eggs were obtained, washed, and fertilized in a large volume of sea water, 95 to 100 per cent fertilization being obtained in each case. The fertilized eggs were allowed to settle, the supernatant sea water removed, enough 0.11 ~ pH 8.0 glycylglycine buffer (330 rag. glycylglycine plus 1.2 cc. ~ NaOH to 25 cc. with sea water) added to give a final concentration of 0.01 M, and the volume adjusted to give the desired per cent of eggs by volume. For experiments with normal eggs, the main compartment of each Warburg flask received 2.0 cc. of a 3.0 per cent egg suspension. When 4,6-dinitro-o-cresol was used, each flask received 2 cc. of a 1.5 per cent egg suspension plus 0.1 cc. of a solution of 4,6-dinitro-o-cresol in sea water. The center cup received 0.5 cc. of 2.5 N HC1, and the side arm 0.5 cc. of freshly filtered, saturated, barium hydroxide solution. The flasks were placed in the bath at 30 minutes after fertilization and equilibrated, at 20 ° C., with air as gas phase, for 20 to 30 minutes, a number of preliminary manometric readings being taken during this time. The initial reading for the actual determination was taken at 50 or 60 minutes after fertilization. Each determination was made in duplicate, the first pair of flasks having the contents of the main vessel, center cup, and side arm mixed immediately following the initial reading, with subsequent pairs being similarly treated at the times shown in the tables. The flasks were shaken at 60 cycles with a 4 cm. amplitude. Under these conditions, the eggs were just at the point of first division at 1 hour after fertilization, the time at which measurements began, developed to swimming blastulae at 10 hours, gastrulae at 15 hours, and short-armed plutei at 24 hours. The shaking rate was shown to be adequate for maintenance of oxygen equilibrium and the average oxygen consumption for every sample of eggs fell very close to the average value of 3.1 c.mm. per 10 c.mm. eggs per hour as observed in this laboratory for several years.
At the end of the experiment, the total contents of each duplicate pair of Warburg flasks were carefully rinsed into a 10 cc. volumetric flask and made to volume. Suitable aliquots from each sample were then analyzed for sugar by the Folin ferricyanide method as described above, for lactic acid by the colorimetric method of Barker and Summerson (7), and for ammonia by nesslerization of the distillate obtained after 1 hour aeration of alkalinized samples by the technique of Folin (8). Arbacia eggs were, as in the actual experiments, freed of ovarian material by sifting through two layers of cheese cloth, then washed by allowing them to settle through two changes of sea water. The percentage of eggs by volume in the suspension used in any experiment was measured by the hematocrit method previously described (9) . An aliquot of the egg suspension was removed for total nitrogen analyses, digested, and nesslerized by the micro Kjeldahl method of Folin (10), the color being measured photoelectrically at 400 m~. Another aliquot from the same suspension was packed by centrifuging for 5 minutes at 2000 gravity in a tared 15 cc. centrifuge tube terminating in a 5 mm. capillary. The supernatant sea water was carefully drawn off by suction, the last portions of extraneous sea water being removed from the inside of the tube with filter paper. The tubes were weighed with contents and then dried to constant weight at 110°C. The results of four experiments are given in Table I . By the present method, the eggs were found to contain 23.9 per cent of the measured wet weight as solids, or 25.9 per cent of the wet weight calculated from the egg volume and a density of 1.09 as solids. In 1909 McClendon 2 (11) reported the solid content of unfertilized eggs to be 22.6 per cent. In 1940 Ballentine (12) reported 265 rag. dry weight per cc. eggs (volume determined by diameter measurements on individual eggs in conjunction with egg counts); on the assumption of an egg density of 1.09 (13) , this gives 24.2 per cent solids.
EXPERIMENTAL RESULTS

Nitrogen Content in Relation to
Ballentine also reported 0.107 mg. nitrogen per rag. dry weight, which is essential agreement with the value of 0.101 rag. nitrogen per rag. dry weight found in the present experiments. If the average value of 95,000 eggs per cc. of 2 per cent eggs, used in this laboratory for several years (9) , is converted on the basis of the data of Table I a Table I appear, therefore, to be in satisfactory agreement with previous data, the factors for nitrogen per unit of egg volume or per number of cells being particularly reproducible, no further experiments of this type were made.
On the basis of Ballentine's data and that of (3)). This is the solid content calculated from data on various egg fractions obtained by centrifuging. The figure given by McClendon for the solid content of the whole egg was 22.6 per cent. Eggs unfertilized (U) or at 1 hr. after fertilization (F) at 20" C. with the fact that eggs used after August 1st came, in the majority of cases, from urchins which had been stored in aquaria inside the laboratory for periods of 2 to 4 weeks; the eggs used in the early experiments came from urchins stored for only a few days in the laboratory. No reason can be given for the fact that the present carbohydrate values are twice as high as those reported by Perlzweig and Barron, especially since the methods for hydrolyzing and determining carbohydrate, removal of interfering substances, and determination of egg nitrogen content were essentially the same in the two investigations. In view of the variation among the separate determinations of Table II , the discrepancy may possibly be attributable to variations in the source and handling of the urchins.
The egg hydrolysates, after removal of interfering substances by the mercuric acetate precipitation, did not reduce neutral or acid ferricyanide solutions. Also, confirming Perlzweig and Barton (2) and Blanchard (3), typical glucosazone crystals appeared in concentrated hot egg hydrolysates at the same rate as in known glucose solutions of the same reducing power, and melted simultaneously with known glucosazone crystals at 204°C. (uncorrected). However, not all of the total carbohydrate was glucose, since the presence of some pentose was shown by formation of furfural on boiling the isolated sugar with concentrated HC1.
It was of interest to determine how much of the reducing carbohydrate might arise from the jelly surrounding the eggs. To investigate this question the following experiment was conducted.
A suspension of eggs was divided into two parts. One part was analyzed in the usual way, giving 1.15 mg. glucose and 14.0 nag. protein; i. e., 82 rag. of glucose per gin. of protein. The eggs in the other part, after packing by centrifugation and removal of the supernatant sea water, were shaken gently in isotonic NaC1 (0.55 M), packed, and the supernatant NaCI solution decanted. The eggs were washed again with isotonic NaC1 and the two NaC1 washings combined. The eggs, freed of jelly, were then analyzed as before, giving 1.32 rag. glucose and 14.7 rag. protein; i. e., 90 mg. of glucose per gm. of protein. The NaC1 solution containing the jelly was evaporated to 25 cc. This solution contained no demonstrable reducing material, but was found to contain the nitrogen equivalent of 1.56 rag. protein. Adding the nitrogen found in the jelly to that found in the eggs from which it was removed gave a total of 16.3 rag. protein which, divided into the glucose found in the eggs, gave 81 rag. of glucose per gin. protein.
This experiment was repeated with similar results. It seems clear that the jelly, though accounting for about 10 per cent of the nitrogen of the eggs, contains only an inappreciable fraction of the hydrolyzable reducing sugar of the eggs; thus, the reducing carbohydrate is in the egg where it is a potential source of energy.
Glycogen Content of Arbacia Eggs.--The results of a number of glycogen de-
terminations on unfertilized Arbacia eggs are given in Table III . The glycogen content here observed (40 to 57 mg. per gin. egg protein) is of the same order as that (50 to 80 mg. per gm. egg protein) obtained in the unpublished experiments of Blanchard (see (3)). It is also of the same order as that found in the eggs of the European sea urchins Paracentrotus lividus and Echinus esculentus (see 13rstrtim and Lindberg (14) for a summary of the total carbohydrate and glycogen contents of these eggs).
Since only about one-half of the total hydrolyzable carbohydrate was accounted for as glycogen, recovery of a known amount of glycogen was attempted.
2 aliquots of eggs from the same batch were carried through the procedure for glycogen isolation. The first sample, containing 4.03 gm. wet eggs, gave 66 mg. total Further experiment (Table IV) indicated that the principal loss of carbohydrate occurred at the ether-alcohol extraction and the alcohol precipitation steps of the glycogen isolation, only a negligible loss being incurred during the alkaline hydrolysis.
The glycogen isolated from unfertilized Arbacia eggs by the present procedure gave the expected red-brown color test with iodine solutions. Further evidence for the identity of Arbacia glycogen with that in other animal tissues was pro-CELL METABOLISM AND CELL DMSION, VI vided by experiments in which glycogen, after several alcohol precipitations, was estimated from its optical rotation before acid hydrolysis and also by the ferricyanide method after acid hydrolysis. Results of six experiments (Table  V) show the average value obtained by hydrolysis to be 98 per cent of that obtained by rotation. Metabolic Determinations.--Having established that Arbacia eggs contain a considerable amount of carbohydrate in a form presumably subject to use as a metabolic substrate, it was of interest to make a preliminary survey of the actual carbohydrate consumption of the eggs as they developed under the conditions of experiment used in previous papers of this series. Measurements of carbohydrate consumption and of formation of various metabolic products were made at intervals between 1 and 25 hours ~ after fertilization at 20°C. (Tables VI and VII.) The results indicate that during the first 3 to 6 hours of development, the period in which cell division is most actively proceeding, the fertilized eggs may or may not consume significant amounts of carbohydrate. Indeed, in two experiments (Nos. 89 and 91), there appeared to be little or no carbohydrate consumed in the 6 hour period between the 1st and the 7th hour of development. Since the experimental error in the glucose determinations was about =t= 2 per cent, complete absence of carbohydrate consumption in these cases was not established, but the maximum carbohydrate consumption allowed by the error of the determination (at most 0.3 X 10 --e moles glucose per gm. wet eggs) could not account for more than 15 per cent at most of the oxygen consumption during the first 6 hours. From the 15th to the 24th hour, however, considerable amounts of carbohydrate were consumed by every egg sample.
Of the carbohydrate consumed in any given instance, a negligible proportion was converted to lactic acid during the period from the 1st to the 24th hour of development. It is true, as pointed out by previous investigators (2, 3) , that the eggs contain some lactic acid shortly after fertilization, but neither production nor consumption of lactic acid appeared to be of quantitative importance as energy-yielding processes for Arbacia eggs during their first 24 hours of development.
In every experiment, Arbacia eggs were found to produce substantial amounts of ammonia. In a number of cases, the oxygen which would have been consumed in producing the observed amount of ammonia from complete oxidation of protein (see Dickens (16) ) agreed with that actually consumed. This finding suggested that the eggs might derive a considerable fraction or, in the absence of carbohydrate consumption, all of the energy for early development from protein oxidation.
Unfortunately, the situation is not so simple as this, since the oxygen consumption required for protein oxidation was, in a number of experiments, 3 The question of the degree to which bacterial growth may contribute to the metabolic values obtained at the 15th and 24th hours cannot be definitely answered, but it may be noted that the oxygen consumption of the various egg samples remains fairly constant from experiment to experiment, giving no reason to suspect chance bacterial growth. In control experiments, an attempt was made to detect and prevent any potential bacterial growth by use of a series of closely spaced concentrations of sodium ethylmercurithiosalicylate. As the concentration of this substance was increased, there was no effect on the respiration of the egg suspension until a concentration of 5 × 10 -e ~ was reached. Beyond this concentration, the respiration of the eggs was inhibited along a smooth concentration effect curve which gave no indication that any organism except the eggs was contributing, during a 24 hour period, to the respiration of the egg suspension. either greater or less than the oxygen consumption which was not accounted for by carbohydrate oxidation. For the periods in which the total oxygen consumption could not be accounted for by the sum of carbohydrate and protein oxidation (see particularly experiment 96, 1 to 7 hours), the oxidation of other substrates, e.g. fat, possibly accounts for the remaining oxygen consumed. In this connection, it is suggestive that the respiratory quotients for such periods were low.
Clearly, much further work is required to establish the relative importance of various metabolic substrates in Arbacia egg development. For the present, the important point is that the Arbada eggs in the separate samples consumed oxygen at essentially the same rate, and developed normally at the same rate irrespective of whether they used carbohydrate-or ammonia-yielding substances as their principal sources of foodstuff. This suggests that if the energy for cell division of Arbacia eggs comes from a particular sequence of respiratory processes, this must be one which is common to both carbohydrate oxidation and protein oxidation, or one which is concerned with the utilization of some other substance not accounted for here.
In previous experiments (9) it has been shown that 4,6-dinitro-o-cresol, when used in optimum concentration, can raise the oxygen consumption of fertilized Arbacia eggs to 3 or 4 times the normal level over a period of 3 hours. The present experiments show (Table VIII) that 8 X 10 -6 ~t or 10 -5 ~t 4,6-dinitro-ocresol, in raising the oxygen consumption by almost 100 per cent over a more extended period, does not induce the consumption of sufficient excess carbohydrate to account for the excess oxygen consumed. This effect is especially striking in experiment 99. While the oxygen consumption was raised by 8 X l0 s M 4,6-dinitro-o-cresol from 18.0 to 33.6 X 10 -5 moles per gm. wet eggs, the carbohydrate consumption from the 1st to the llth hour was reduced, within the limits of experimental error, to zero. However, the low carbohydrate content of the 4,6-dinitro-o-cresol treated eggs at 1 hour indicated that there had been, during the 30 minute equilibration period, a considerable consumption of carbohydrate. The ammonia production from the 1st to the llth hour was also reduced to a point where the total oxygen To permit conversion of the data to other bases of reference the relation of nitrogen content to wet and dry weight and to egg number were determined. The eggs were found to contain 23.9 per cent solids, 0.10 mg. nitrogen per rag. dry weight, and 5.93 mg. nitrogen per 106 cells. From these results, about 7 per cent of the egg dry weight is acid-hydrolyzable carbohydrate and about 65 per cent is protein.
2. Approximately one-half of the total acid-hydrolyzable carbohydrate was isolated in the form of an alkali-stable, alcohol-precipitable carbohydrate. This substance gave a typical glycogen color test with iodine, yielded glucose on acid hydrolysis, and had, within the limits of experimental error, the same optical rotation as glycogen from other animal sources. Since known amounts of glycogen were completely recovered when carried through the isolation process, the nature of one-half of the acid-hydrolyzable carbohydrate of Arbacia eggs remains undetermined.
3. In order to gain some estimate of the extent to which Arbacia eggs utilize their total carbohydrate for development, determinations of the oxygen consumption, respiratory quotient, carbohydrate consumption, lactic acid production, and ammonia production were made. While all samples of eggs were found to utilize carbohydrate from the 15th to the 24th hours of development at 2~)°C., certain samples of eggs consumed little or no carbohydrate from the 1st to the 6th hours, the period during which cell division proceeds most rapidly. In a number of instances where carbohydrate breakdown was lacking, a substantial proportion of the oxygen consumption could be accounted for on the basis of processes involving oxidation of protein or protein breakdown products.
